The photon shutters (PS) on the insertion device front end of the beamlines at the Advanced Photon Source (APS) are designed to fully intercept powerful 7-GeV undulator radiation. Traditional materials (oxygen-free copper and Glidcop) are used in their construction. Initially, the APS proposes to operate the storage ring at 100 mA. In later phases of operation, the APS will operate the storage ring at 300 mA. The heat flux from the undulators is enormous. For example, in the later phase of the project, the first photon shutter (PSi) placed at a distance of 17 rn from the Undulator A source will be subjected to 1400 W/rnrn2 at normal incidence with a total power of 11.4 kW.
Introduction
The photon shutters (PS) [1 and 2] on the insertion device front end [3 and 4] of the beamlines at the Advanced Photon Source (APS) are designed to fully intercept powerful 7-GeV Undulator A [5] radiation. The heat flux from these undulators is enormous. For example, the first photon shutter (PSi), placed at a distance of 16.9 in from the Undulator A source, will be subjected to a peak heat flux of 469 W/mm2 at normal incidence at 100 mA with a total power of 3.8 kW. In the later phase of the project, the numbers will increase to 1400 W/rnm2 at normal incidence at 300 mA with a total power of 11.4 kW. The PS uses an enhanced heat transfer mechanism developed at Argonne National Laboratory, which increases the convective heat transfer coefficient to about 3 W/cm2 .0( [6 and 7] with single phase water as the coolant. This enhancement reduces the maximum temperature and the maximum stress in the absorber by about 15 to 30 percent [8] compared to unenhanced, two-dimensional, single-channel absorber geometry (as shown in Fig la) with a previously proposed Undulator A [which had a wider x-ray footprint on the face plate because of a larger K (maximum deflection parameter) -2.5 rather than 2.23 of the current Undulator A]. Such a reduction in niaximum temperature is important for a material like OFHC copper (not annealed) because the mechanical strength of this material drops off precipitously at operating temperatures above 175°C.
To be able to handle the expected three-fold increase in the intense heat flux during the later phase operations at the APS, some low-Z materials (such as beryllium or graphite), which absorb the x-rays through their thickness, are now considered as the facing material on the absorber plate (which is OFHC). The use of beryllium in conjunction with copper tubing to form beryllium-copper composite components has been previously proposed and studied also [9] .
In the ensuing preliminary studies, the maximum temperatures and effective stresses in the design of a PS for the later phase of the APS operations are analyzed. The power distribution, power absorption in semitransparent media, and finite element modeling are also discussed.
Power Distribution
The Undulator A power distribution is given as: ) sin2 a, (2) and j6 24k4 4J72 16 G(k) = F + T + + 7 (3) (1 + k2) • B{T]
where L = 2.38 [m] device length.
For low-Z materials, the transmitted power can be written as rir pEmax Qtransinitted(W) For our preliminary analysis, we make the approximation that, for low-Z materials, the absorbed power can be written as We also assume that the remainder of the heat flux is deposited onto the low-Z material-OFHC interface, the power distribution due to the interfacial heating is in the . E4 [GeV] .
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The URGENT [10] program was used to calculate the Undulator A spectrum, and TRANSMIT [11] program were used to calculate the transmitted power. Then, the absorption coefficient was calculated. Figure lb shows the proposed PSi plate-geometry design for the second phase of operations at the APS. The design consists of a copper base plate and a brazed low-Z face plate. Figure 2 shows the finite element models of various face-plate thicknesses. Figure 3 shows how x-rays travel through low-Z materials. The sizes of the finite element models depend on the thickness of the face plate. For example with a 10-mm face plate, the model in the x direction is about 500 mm long.
The plate geometry is the same as that of the photon shutter designed for the first phase of operation at the APS. It has five center channels with copper mesh brazed inside and two side channels to supply the inlet water. The effective convective heat transfer coefficient is about 3 W/cm2 .°( {4 and 5], At the two outer supply channels, it is on the order of 1 W/cm2 •°C. The cooling water is at 24°C at the inlet. Table 2 shows the material properties used in the analyses. The Glidcop face plate is used to compare the other two materials, beryllium and graphite.
The properties of Glidcop are similar to those of OFHC, except the yield strength of Glidcop is 400 MPa at 650°C, which is much better than that of OFHC.
Results and Discussion
4.1 A 3-mm Face Plate At the 1.5° inclined geometry used and with a 3-mm-thick face plate of a low-Z inateriaJ, geometry dictates that the x-rays have to travel a theoretical 115 mm before reaching the interface between face plate and base plate. During this travel, about 80% of the total power will be absorbed by a 3-mm graphite face plate, and about 50% of the total power will be absorbed by a 3-mm beryllium face plate.
From Table 1 , it can be easily seen that the surface of the face plate will absorb the maximum amount of the power. With increased depth the absorbed power by the face plate decreases. The surface maximum temperature of beryllium is about 39°C, which is low due to the very low absorption coefficient and the inclined geometry, both of which help to dissipate the heat. The stress at the interface is high (322 MPa) due to the slightly different thermo-mechanical properties (i.e., thermal expansion coefficient and Young's modulus) between the two materials. Besides, about 50% of the total power reaches the interface, resulting in local heating, which induces a large thermal gradient at the bonding surface. Figure 4 shows the temperature contour of 3-mm face plate. The maximum surface temperature of the graphite face plate is higher (about 1 16°C) due to the higher absorption coefficient of graphite and its very low thermal conductivity (0.07c,7R in the z direction, see Figs. 1 and 3) . The heat was spread evenly in the xy plane because the thermal conductivity is high (24C,7K) in the xy plane. Note that, at the same x and y coordinate, the material has very different temperature along the z direction. The maximum interface temperature and effective stress are lower because the Young's modulus of graphite is low, and oniy 20% of the total power reaches the interface. Figures 5 and 6 show the temperature and effective stress contour of the base plate.
A 5-mm Face Plate
At the 1.5° inclined geometry used and with a 5-mm-thick face plate of a low-Z material, geometry dictates that the x-rays have to travel 191 mm before reaching the interface. About 85% of the total power will be absorbed by a 5-mm graphite face plate, and about 60% of the total power will be absorbed by a 5-mm beryllium face plate.
Increasing the face plate thickness will decrease the maximum temperature and effective stress at the interface but will increase the maximum surface temperature and effective stress slightly. (Fewer x-rays will reach the interface and the heat deposited on the face plate surface can be diffused by the larger thickness.) For a graphite face plate, the maximum surface temperature increases from 116°C to 129°C if the face plate thickness is increased from 3 mm to 5 mm; this is due to a very small thermal conductivity in the z direction (see Figs. 1 and 3 ). At the 1.5° inclined geometry used and with a 10-mm-thick face plate of a low-Z material, geometry dictates that the x-rays have to travel 381 mm before reaching the interface.
About 91% of the total power will be absorbed by a 10-mm graphite face plate, and about 68% of the total power will be absorbed by a 10-nun beryllium face plate.
The absorber with a 10-mm graphite face plate seems to be the best choice because the maximum temperature (57°C) and the maximum effective stress (52 MPa) at the interface are the lowest, although the face plate has the highest maximum surface temperature (160°C). It is obvious that none of the absorbers with a beryllium face plate will survive due to the very high interfacial stresses (fromn 206 MPa to 322 MPa), which exceed the yield strength (50 MPa) of annealed OFHC. (For annealed mnetals, it is reasonable to assume identical yield behavior in tension and compression [12] .)
Discussion
All the face plates discussed above will retain their integrity (except Glidcop) because the mnaximum effective stresses are lower than the yield strengths. The width of the graphite face plate in the y direction plays an important role. If the size is reduced the temperature will rise precipitously. For example, for a 10-iiimn graphite face plate, if the side width is reduced by 20 mnmn in the y direction, the temperature rises about 100°C. If the side width of a 10-nun graphite face plate is reduced by 30mm (or a total of 24 imn width in the y direction), the temperature raises about 250°.
The question is then how to ensure that the interfacial stresses are kept within a tolerable range. For example, x-rays can be reduced or intercepted before reaching the interface. Or, increasing the face plate thickness will ensure that fewer x-rays reach the interface.
We studied parametrically the thickness of the face plate (which controls the percentage of x-rays reaching the interface). Resulting interfacial temperature and stress were calculated and shown in Tables 6 and 7. If the total power reaching the interface can be reduced to 8% for a graphite face plate and 6% for a beryllium face plate, the resulting interfacial stresses are within the elastic range of anneaied OFHC.
The orthotropic thermal conductivity (k=24 -.I( in the xy plane) of graphite resulted in a lower temperature gradient in the xy plane than in -the case of beryllium. Although the temperature gradient becomes larger in the z direction (k=0.07 in z direction), the resulting thermal stress is low because Young's modulus is very small in the z direction. With regards to temperature and stress considerations, the design looks good. However, there are a myriad of remaining issues to examine including the radiation damage of graphite, delamination, expansion of graphite with a larger thermal gradient in the z direction (the thermal expansion coefficient in the z direction is 26 -x 106), et cetera.
The Glidcop face plate always shows failure because the maximum effective stress exceeds its yield strength (about 350 MPa at 400°C). The difference between the Glidcop and the low-Z material face plates is that x-rays on a Glidcop surface result in surface heating instead of volumetric heating as is the case with beryllium and graphite.
Future Work
This work constitutes a mere feasibility study into the use of low-Z materials in the design of PSi to handle the enormously increased power levels with phase II of the APS project. 
